The influenza virus hemagglutinin (HA) fusion glycoprotein mediates viral entry into host cells through its receptor binding and membrane fusion activities. In this issue of Cell, Das et al. use single-molecule Fö rster resonance energy transfer (smFRET) to monitor HA conformational dynamics. Their study reveals this prototypical class I fusion protein to be a highly dynamic molecule capable of reversibly sampling multiple states, including on-pathway fusion intermediates between prefusion and post-fusion endpoints. These findings challenge long-held ideas for how HA functions and move the field closer to obtaining a mechanistic understanding of how class I fusion proteins mediate membrane fusion.
The influenza virus hemagglutinin (HA) fusion glycoprotein mediates viral entry into host cells through its receptor binding and membrane fusion activities. In this issue of Cell, Das et al. use single-molecule Fö rster resonance energy transfer (smFRET) to monitor HA conformational dynamics. Their study reveals this prototypical class I fusion protein to be a highly dynamic molecule capable of reversibly sampling multiple states, including on-pathway fusion intermediates between prefusion and post-fusion endpoints. These findings challenge long-held ideas for how HA functions and move the field closer to obtaining a mechanistic understanding of how class I fusion proteins mediate membrane fusion.
The fusion of two membranes is a critical step in a range of biological processes including cell-cell communication, vesicle trafficking, synaptic signaling, and infection by enveloped viruses. Membrane fusion requires that two membranes be brought into contact and perturbed to induce the merging of lipid bilayers and formation of a fusion pore. Enveloped viruses have evolved specialized protein machines that drive the fusion of the viral and host membranes. The influenza virus hemagglutinin (HA) fusion glycoprotein mediates viral entry into host cells through its receptor binding and membrane fusion activities. Despite decades of intensive research, large gaps remain in our understanding of how HA executes the intricate process of membrane fusion. In particular, the nature and sequence of conformational changes carried out by the protein machinery that are required to manipulate and merge two membranes have largely been the subject of speculation but lay beyond the reach of direct experimental characterization.
In this issue of Cell, Das et al. use single-molecule Fö rster resonance energy transfer (smFRET) to monitor HA's intrinsic structural dynamics and to observe transitions between conformational states that occur during receptor binding, acid activation, and membrane fusion (Das et al., 2018) . By engineering unnatural amino acids at two positions in the HA2 fusion subunit that can be covalently labeled with FRET acceptor and donor fluorophores, they are able to monitor its structural reorganization, notably the fusion peptide's position relative to a portion of HA2 that remains relatively constant during fusion activation and refolding (Figure 1 ). This enables real-time monitoring of dynamic fluctuations as well as transitions between conformational states. The data in this study reveal HA to be a dynamic machine that samples multiple intermediate conformations as it mediates fusion.
Infection by influenza virus is initiated when HA binds sialic acid on the cell surface and triggers internalization of the virion by endocytosis. The low pH conditions of the maturing endosome trigger a series of pH-induced conformational changes in HA that ultimately result in fusion of the viral and host endosomal membranes. A long-held belief in the field was that pre-fusion HA behaves like a metastable, spring-loaded machine, which following acidification, rapidly and irreversibly snaps to the low-energy, coiled-coil post-fusion state (Carr et al., 1997) .
In this study, Das et al. challenge that model and show that HA, even at rest in the neutral pH, pre-fusion state, is a dynamic assembly that interconverts between at least three conformational states, reported by high-, intermediate-, and low-FRET magnitudes. As pH is lowered, the conformational equilibrium shifts from the high-FRET state, attributed to the configuration seen in neutral pH HA structures (Wilson et al., 1981) , toward intermediate-and low-FRET states. The intermediate-FRET state appears to correspond to a state in which the fusion peptide gains significant dynamics but may sample only a limited spatial range outside of its sequestered state in prefusion HA (Figure 1 ). The low-FRET states are suggested to encompass multiple states that may not necessarily share similar HA conformations ( Figure 1 ). The shift from a reversible to an irreversible low-FRET state at low pH likely indicates a shift from a fusion peptide-deployed state to the post-fusion conformation. These findings suggest that HA adopts an initial fusion peptide-released state at low pH, consistent with recent cryoelectron microscopy (cryo-EM), and structural mass spectrometry studies, as well as antibody-binding data reported long before structural methods became available that enabled the dynamic intermediate states to be probed (Fontana et al., 2012; Garcia et al., 2015; White and Wilson, 1987) .
Notably, by directly monitoring the transitions traversed by HA, Das et al. provide the first direct demonstration that HA traverses the intermediate state with a dynamic, released fusion peptide, as it transitions from pre-to post-fusion form. In this state, HA would begin to engage the target membrane (Fontana et al., 2012; Garcia et al., 2015; Gui et al., 2016) . Such a stepwise fusion protein activation is believed to be important for driving productive membrane fusion as it likely enables multiple HAs to grapple to the membrane in concert and then drive fusion as they refold (Danieli et al., 1996; Lee, 2010) .
Das et al. also report that receptor binding increases the rate of conversion from the intermediate to the reversible low-FRET state (Figure 1) . They infer that receptor binding allosterically stimulates fusion peptide mobility. HA becomes primed for activation by receptor binding as well as by exposure to lower pH conditions, biasing HA into a fusion-ready state. Meanwhile, the presence of a target membrane, which provides a substrate for fusion peptide insertion, appears to dramatically accelerate the rate at which HA transitions from the reversible low-FRET intermediate to the irreversible low-FRET post-fusion state. The inhibitory activity of HA2 stem-targeted antibodies is also examined, which surprisingly still permit HA a range of dynamic sampling of intermediate conformations but prevent adoption of the irreversible low-FRET, post-fusion state.
It remains to be determined what the broader conformational changes in HA and influenza virions that drive membrane fusion are. The present experiments only report on changes in the HA2 fusion domain but are silent regarding changes in the globular head, which has been hypothesized to cage the spring-loaded HA2 fusion subunit (Carr et al., 1997; Garcia et al., 2015) . Further investigation by complementary methods is required to fully understand the nature and sequence of these conformational changes and states. Another important caveat of the present study is that, while the HIV-1 pseudotyped viral system used in this study satisfied certain methodological needs, it lacks defining structural and functional features that are important for influenza virus membrane fusion. On native influenza virions, HA is densely arrayed, yet in the system used in the present study, HA is believed to exist at a significantly lower density on the particle surface (J.B. Munro, personal communication). This could affect cooperativity among HA trimers that normally mediate fusion. In addition, in the system that was used, the influenza M1 matrix protein is absent. This key structural protein lines the interior of the virus and bolsters its lipid envelope. Like HA, M1 exhibits sensitivity to acidic pH and has been hypothesized to play a role in sequencing the stages of membrane fusion (Gui et al., 2016; Fontana and Steven, 2013; Lee, 2010) . Studying HA's function and conformational changes in the context of the native viral system will be important for obtaining a complete understanding of influenza virus membrane fusion.
The new results by Das et al. advance the characterization of structural dynamic transitions exhibited by HA as it activates for membrane fusion. It also raises key questions about HA fusion activation and membrane fusion: Are there specific trigger residues that activate HA in response to low pH? When do conformational changes in the globular head occur with respect to the fusion domain, and do they stabilize intermediate conformations? How do HA conformational changes result in membrane remodeling leading to fusion? What is the role of other viral components such as the viral matrix layer? How can these transitions be arrested with inhibitors? And more broadly, is the proposed fusion mechanism observed for HA, here from an H5N1 strain, conserved across diverse strains of influenza virus or across class I viral fusion proteins in general? Such questions will need to be addressed by future studies in order to gain a thorough understanding of the mechanisms of protein-mediated membrane fusion during the critical early stages of viral invasion of host cells. Single-cell RNA sequencing provides a new approach to an old problem: how to study cellular diversity in complex biological systems. Three studies-Saunders et al., Zeisel et al., and Davie et al.-deploy this technique on an unprecedented scale to reveal transcriptional patterns that distinguish cells in the nervous systems of mice and flies.
As you read this, billions of cells in your brain work quietly in the background, communicating with each other to control your attention, eye movements, breathing, understanding, and countless other tasks we take for granted on a daily basis. These miracles are achieved through division of labor: different kinds of cells perform different tasks. But exactly how many kinds of cells are there, and how should we define them? These questions are as old as the field of neuroscience. Not surprisingly, many answers have been proposed, often tracking technological developments.
Studies of anatomical location and morphology produced the earliest cellular taxonomies, followed by electrophysiological and circuit-based classification of neuronal subtypes. The rise of molecular biology then enabled cell assignments based on molecular content. Such assays were initially low throughput, but the development of microarray and sequencing technologies rapidly facilitated genome-wide quantification of transcript levels. Thus began efforts to purify cellular populations for transcriptional profiling using methods such as fluorescence-activated cell sorting (FACS) and immunopanning, which soon gave way to the ultimate reduction in sample complexity: isolation of individual cells. Proof-of-concept studies that transcriptionally profiled small numbers of individual cells isolated by laser-capture microdissection, manual sorting, and flow cytometry have now been replaced by systematic efforts to capture and profile thousands of cells using microfluidics Two of the studies focus on the mouse brain and offer complementary insights into the diversity of cell types and states across the nervous system. Saunders et al. used droplet-based single-cell RN sequencing (Drop-seq) (Macosko et al., 2015) to analyze gene expression in nearly 700,000 cells from 9 brain regions of adult male C57BL/6N mice. Importantly, the authors address the problem of sampling bias by comparing estimates of cellular abundance in their dataset to stereological estimates derived from
